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Abstract
Purpose
aim of this study was to identify outcomes in pain relief and quality of life in patients with a
solitary painful osseous metastasis treated by radiotherapy, cryoablation or the combination
using a propensity score matching study design.
Materials and Methods
175 patients with painful bone metastases were included in the study. Twenty-five of them
underwent a radiation course (20 Gy in five daily fractions) 15 days after the cryoablation.
These subjects were retrospectively matched by propensity analysis with a group of sub-
jects treated by radiotherapy (125 subjects) and with a group treated byCryoablation (25
subjects). The pain relief in terms of complete response, rate of subjects requiring analge-
sics after treatments and the changes in self-rated quality of life were measured. Informed
consent was obtained from the subject and the study was approved by the local Ethical
Committee.
Results
An higher proportion of subjects treated by cryoablation (32%) or cryoablation followed
by RT (72%;) experienced a complete response compared with patients treated by radio-
therapy alone (11.2%). After Bonferroni correction strategy, the addition of radiotherapy
to cryoablation significantly improved the rate of complete response compared with cryoa-
blation alone (p = 0.011) and this paralleled with an improved self-rated quality of life.
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Seventeen subjects (13.6%) of patients in the radiotherapy group, 9 (36%) in the cryoabla-
tion group, and 19 (76)% in the cryoablation- radiotherapy group did not require narcotic
medications.
Conclusions
The addition of radiotherapy to cryoablation favorably impacts on perceived pain, with a
favorable toxicity profile. However, our data should be interpreted with caution and could
serve as a framework around which to design future trials.
Introduction
Bone metastases are the main cause of cancer-associated death in patients with cancer [1] and
represent one of the most common sites of metastasis [2–3].Breast, prostate, and lung cancers
collectively represent the primary tumors that more frequently metastasize to bone [4]. Fur-
thermore, considering that a reduced bone matrix is found in patients suffering from breast
and prostate cancers treated with hormonal therapies, bone metastasis grows into a compart-
ment bone that is itself already weakened [5–6].
Among the potential complications related to bone metastasis, pain is the symptom most
frequently referred by patients [4] resulting in a drastic deterioration of their quality of life
(QoL) [1, 4, 5, 7, 8].For patients with overt bone metastases, current treatment objectives are
designed to decrease tumor burden, reduce skeletal-related events and maximize pain control
[5]. Current management of skeletal metastasis includes pain management/analgesia, systemic
therapy, radiation therapy (RT), surgery, and ablative techniques [9]. However, the long-term-
results of many of these treatment modalities may be not fully satisfying [10,11].
Thermoablation is a family of non-surgical approaches used to treat otherwise unrespect-
able tumors and using different power sources. Various delivery methods of ablation exist.
They include radiofrequency ablation (RFA), microwave ablation, high intensity focused ultra-
sound (HIFU), laser ablation, and cryoablation (CA) [12–14]. These techniques, initially devel-
oped for patients with malignant primary or metastatic liver tumors, have proven to be useful
therapeutic options for the management of bone tumors [15–18]. However, these ablative
approaches have rarely been used in combination in with RT [18]. Recently has been demon-
strated that the association of RFA with RT was well tolerated, with a satisfactory profile of
adverse events. [18–20]. In this study, for the first time, we investigated whether the sequential
addition of RT to CA could favorably affect clinical management of painful bone metastatic
lesions compared with CA and RT delivered as individual treatments.
Materials and Methods
Patient selection
In this study, patients older than 18 years with radiological and histological confirmed painful
solitary bone metastases were prospectively selected to undergo CA procedures followed by
RT. Magnetic resonance imaging (MRI) examination, computed tomography (CT), and
nuclear isotope (technetium 99) bone scan were planned within the 4 weeks prior to the proce-
dures. Other eligibility criteria included: (i) a pain score of 5 or more on the validated visual
analog scale (VAS) over the prior 24 hours (or a score of less than 5 with the use of narcotic
medications); (ii) pain localized to the site of the bone metastases; (iii) life expectancy of greater
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than 3 months; (iv) and Karnofsky performance status (KPS) score of greater than 70. Exclu-
sion criteria were: (i) a painful area previously treated with RT or palliative surgery; (ii) radio-
graphic evidence of spinal cord or cauda-equina compression; (iii) lesions positioned within
0.5 cm from a critical structure such as the spinal cord, brain, aorta, inferior vena cava, bowel,
or bladder; (iv) abnormal fracture of the treatment site.
The combined treatment was as arranged as follows: CA followed by RT 15 days later when
technically feasible. Between September 2011, and April 2014, 41 consecutive patients receiving
CA followed by RT were treated. Sixteen out of 41 subjects (39%) were excluded since (i)
refused to participate in the study (3/41; 7%), (ii) they did not satisfy the inclusion criteria (5/
41; 12.2%) and (ii) they did not match with any subject included in the groups treated by CA
or RT after propensity analysis (8/41; 19.5%). The group of patients undergoing the CA-RT
was retrospectively compared and matched by propensity analysis with a group of subjects
treated with RT or CA. The subjects included in RT or CA groups were retrospectively selected
from all who were treated in the Radiotherapy and Interventional Radiology units, respectively.
Analgesic consumption of all patients was recorded. Written informed consent was obtained
from the subject and the study was approved by the San Salvatore Hospital IRB (Deliberation
n. 89/2012)
Treatment procedures
RT was delivered by three-dimensional conformal technique with a dose of 20 Gy in five frac-
tions of 4 Gy over 1 week. Percutaneous cryotherapy ablation was carried out under conscious
sedation with an argon-based cryotherapy system (SEEDNET GOLD Cryoablation System,
Galil Medical LTD, Israel). After sterile preparation, one or more cryoprobes (ICEROD, Galil
Medical LTD, Israel) were introduced into the target lesion by CT guidance by experienced
radiologists. The cryoprobes were introduced in a parallel arrangement approximately 2 cm
apart. For larger lesions, a cluster of cryoprobes was placed within 1 cm of the tumor margin to
provide adequate coverage of the outer border of the target lesion. Cryoprobe positioning was
confirmed by CT imaging. Rapid freezing of the target lesion (-100°C within a few seconds)
was obtained and two 15-minute freezes separated by a 10-minute thaw were used at each cryo-
probe position. At the end of each procedure, CT was performed to ensure that the extent of
ablation was confined to the target tissue and that there was no substantial damage in the tissue
surrounding the target. After all combined procedures, patients were observed for 2 hours in
the recovery room and then were admitted to the hospital for a minimum of 24 hours.
Patient assessment
A full physical examination was performed and data on direct and indirect changes in pain lev-
els were assessed by VAS and medication level questionnaire. QoL was assessed with a single
question from the McGill Quality of Life Questionnaire (MQOL) [21].The strongest evidence
of validity comes from comparison with the single-item quality of life measure [21].
Study endpoints and response criteria
The primary endpoints were the percentage of patients with a (1) complete response (CR) at 12
weeks after treatments as previously described [22,23]. The secondary endpoints were (1) the
rate of subjects requiring analgesics at 12 weeks after treatments and (2) the changes in self-
experienced QoL. Complete response was defined as a pain score of 0 at treated site with no
concomitant increase in analgesic intake (stable or reducing analgesics in daily oral morphine
equivalent [OMED]). Partial response was defined as pain reduction of 2 or more at the treated
site on a scale of 0 to 10 scale without analgesic increase, or analgesic reduction of 25% or more
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from baseline without an increase in pain. Pain progression was defined as increase in pain
score of 2 or more above baseline at the treated site with stable OMED, or an increase of 25%
or more in OMED compared with baseline with the pain score stable or 1 point above baseline.
Stable-intermediate response was defined as any response that is not captured by the complete
response, partial response, or pain progression definitions.
Statistical analysis
The data analyzed in this report were derived from a population-based observational study. In
order to reduce treatment selection bias and determine realistically the treatment effects, a case
control-matched propensity analysis was performed. Pairwise nearest neighbor matching with
a caliper was used to minimized distance within matched sets applying a caliper of 0.1 on the
propensity score scale. Increasing the number of controls included in each matched set may
increase the precision of the estimated treatment effect. The optimum number of controls
needed to match to each treated subject may range from 1 to 5. Increasing the number of con-
trols matched to each treated subject will increase the size of the matched sample, resulting in
estimates of treatment effect with increased precision. Multivariate logistic regression was used
to calculate the predicted probability of the dependent variables as well as the propensity score
for all observations in the data set. The dependent variables included in the multivariate analy-
sis were age, KPS, primary tumors, anatomic site, VAS scale, and QoL before procedures. A 1:5
matched analysis was performed where one case (subject treated by CA or CA followed by RT)
was matched to five controls (subjects treated by RT).
The primary endpoint of this feasibility study was that, for patients with painful bone metas-
tasis, pain relief achieved following CA-RT in terms of CR should be higher than that achieved
following RT alone. The current study was powered to determine an increase of 21% or greater
in the CR at 12 weeks after CA-RT with respect to RT alone. The literature indicates that from
11 to 21% of intention-to-treat (ITT) patients achieved CR after RT [24]. Thus, we set the rate
of CR after RT at 11% (P0 = 11%). Using a two-sided test and a 5% type I error adjusted for
Bonferroni correction (p<0.0166), with the matched control to case ratio of 1:5, 25 subjects in
the experimental groups (CA group and CA-RT group) and 125 in the control group (RT)
would provide greater than 80% power to detect an increase of 21% (P1 = 32%).
Continuous variables not normally distributed (Shapiro-Wilk test) were presented as medi-
ans and 95% confidence intervals (95%CI). The Mann-Whitney U test was used to evaluate the
difference between two groups and Kruskal-Wallis test was used to evaluate the difference
among more than two tests. If the Kruskal-Wallis test was statistically significant, apairwise
comparison of subgroups was performed according to Conover. Dichotomous variables were
summarized by absolute and/or relative frequencies. The chi-squared test or Fisher’s exact test
was used to evaluate the difference between two groups. For multiple comparisons, the alpha
value threshold was adjusted by using Bonferroni correction. All tests were two-sided except
where specified and were determined by Monte Carlo significance. An alpha value threshold of
0.05 was used. All statistical analyses were performed using the SPSS statistical analysis soft-
ware package, version 10.0 (IBM Corporation 1 New Orchard Road, Armonk, New York
10504–1722 United States).
Results
Local pain control and self-perceived QoL
Table 1 lists the clinical and demographic characteristics of treated patients stratified according
to propensity score and treatment received. All subjects were valuable at the end point of 12
weeks. This was mainly due to the selection criteria (solitary bone lesion) which configure this
Cryotherapy and RT in Bone Metastases
PLOS ONE | DOI:10.1371/journal.pone.0129021 June 23, 2015 4 / 11
group of patients as long survivors. A higher proportion of subjects treated by CA (32% [8/25];
p = 0.018) or by CA followed by RT (72% [18/25]; p<0.0001) experienced a CR at 12 weeks
with respect to patients treated by RT alone (11.2% [14/125]; Table 2). Interestingly, the addi-
tion of RT to CA significantly improved the rate of CR with respect to CA used as individual
treatment (p = 0.011). A PR was more frequently observed in patients treated by RT (42.4%
[53/125]) or CA (36% [9/25]) with respect to subjects treated by CA followed by RT (12% [3/
25]) (Table 2).
The higher rate of CR observed in patients treated with CA followed RT with respect to
those treated with CA or RT paralleled an improved self-rated QoL (Fig 1). At 12 weeks,
patients treated by CA followed by RT reported a higher improvement in self-rated QoL
Table 1. Clinical characteristics according propensity score.
Characteristics RT (n = 125) CA-RT (n = 25) CA (n = 25) p value
Age, Y* 68 (66 to 69) 69 (65 to 71) 67.5 (64.4 to 70.6) 0. 0.454°
VAS Scale* 7 (6 to 7) 7 (6 to 8) 7.5 (5 to 7.6) 0.766°
Sex, No (%) 0.950°°
Male 61 (48.8) 13(52) 12(48)
Famale 64 (51.2) 12 (48) 13 (52)
KPS, No 0.908°*
91–100 64 (51.2) 12 (48) 11 (44)
70–89 61 (48.8) 13 (52) 14 (56)
Tumor Size, cm (longest diameter) 4 (4 to 5) 5 (4 to 5) 4 (3.4 to 6) 0.099°
Primary Tumors, No (%) 0.940°*
Lung Cancer 38 (30.4) 6 (24) 6 (24)
Prostate Cancer 41 (32.8) 8 (32) 8 (32)
Renal Cancer 9 (7.2) 2 (8) 4 (16)
Colorectal Cancer 8 (6.4) 2 (8) 2 (8)
Breast Cancer 29 (23.2) 7 (28) 5 (20)
Metastasis Location, No(%) 0.961°*
Pelvis 52 (41.6) 9 (36) 8 (32)
Sacrum 29 (23.2) 6 (24) 7 (28)
Rib 10 (8) 2 (8) 2 (8)
Vertebrae 22 (17.6) 4 (16) 4 (16)
Humerus 9 (7.2) 2 (8) 2 (8)
Femur 3 (2.4) 2 (8) 2 (8)
Characteristics RT (n = 125) CA-RT (n = 25) CA (n = 25) pvalue
Medical Systemic Treatments **
Bisphosphonates 35(28) 9 (36) 8 (32) 0.701°°
Narcotic Analgesics 125 (100) 25 (100) 25 (100) 1.0°*
HormonalTherapy 34 (27.2) 7 (28) 8 (32) 0.888°°
Chemotherapy 80 (64) 16 (64) 15 (60) 0.745°*
Immunotherapy 9 (7.2) 2 (8) 4 (12) 0.023°°
KPS = Karnofsky performance status
° Kruskal-Wallis test; Medians and CI95%
°* Chi Square test
°° Fisher’s Exact test; RT = radiotherapy; CA-RT = Cryoablation-Radiotherapy
**the sum of percentage in each group is over 100% since patients may perform more than one systemic treatment. In post hoc pairwise comparisons of
subgroups the alpha error was set at 0.016 according to Bonferroni correction.
doi:10.1371/journal.pone.0129021.t001
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(MQOL score: 7, CI95% 5.4 to 9) with respect to subjects treated by RT alone (MQOL score: 5,
CI95% 4 to 5). At the same time, patients treated by CA alone experienced a significant
improvement of self-rated QoL (MQOL score: 6, CI95% 5 to 8) with respect to subjects treated
by RT alone (MQOL score: 5, CI95% 4 to 5) (Fig 1). Finally, although an improvement in the
self-rated QoL between CA and CA-RT was observed, the difference did not reach statistical
significance (Fig 1).
All patients received oral narcotic analgesic over the month before treatment with CA, RT,
or CA followed by RT (Table 1).In this regard, at 12 weeks, 13.6% of patients (17/125) in the
RT group, 36% of patients (9/25) in the CA group, and 76% of patients (19/25) in the CA-RT
group did not require narcotic medications (Table 3). This figures paralleled with the reduction
in the 24-hours median morphine-equivalent dose. Before treatments the 24-hours median
morphine-equivalent dose was 80 mg (95%CI 75–80) in the RT Group, 70 mg (95%CI 65–80)
in the CA Group and 80 mg (CI95% 65.7–80) in the CA+RT Group with no significant differ-
ence among groups (p = 0.67). A significant decrease in the 24-hours median morphine-equiv-
alent dose at week 12 was documented in the CA (p = 0.008) and CA-RT (p = 0.004) groups
with respect to the RT group (Table 3). Overall, patients tolerated the CA and combined treat-
ments well. Forty (80%) out of the 50 patients performed CA without complications. The com-
plications were listed in Table 4.
Discussion
Radiation treatment is one of the most important non-surgical approaches for the management
of osteolytic or osteosclerotic bone lesions [25] with sub-optimal overall response rate [25].
Table 2. Response rate following Radiotherapy vs Cryoablation vs Cryoablation combined with Radiotherapy at 12 weeks.
Response type No (%) RT (N = 125) CA
(N = 25)
CA-RT
(N = 25)
°Pairwise Comparisonsp value
Complete response (No, %) 14/125
(11.2)
8/25 (32) 18/25 (72) CA vs RT p = 0.018CA vs CA-RT p = 0.011 CA-RT vs RT
p<0.0001
Partial Response (No,%) 53/125
(42.4)
9/25 (36) 3/25 (12) CA vs RT p = 0.711CA vs CA-RT p = 0.098 CA-RT vs RT
p = 0.008
Stable Pain or Progression (No,
%)
58/125
(46.4)
8/25 (32) 4/25 (16) CA vs RT p = 0.270CA vs CA-RT p = 0.321CA-RT vs RT p = 0.009
°Chi Square testor Fisher exact test. In post hoc pairwise comparisons of subgroups the alpha error was set at 0.016 according to Bonferroni correction;
RT = radiotherapy; CA-RT = Cryoablation-Radiotherapy;
doi:10.1371/journal.pone.0129021.t002
Fig 1. Quality of life score measured by single question fromMQOL. Self ratedQoL before (A) and after
treatments (B).
doi:10.1371/journal.pone.0129021.g001
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Interventional radiologists developed different ablative approaches, which demonstrated out-
standing effects in terms of clinical efficacy in a wide range of clinical scenarios including bone
metastatic disease. However, a number of patients may respond unsatisfactorily to these treat-
ments in terms of pain control. Recently, the management of painful bone metastases was
effectively achieved by combining ionizing radiation with RFA [18–20]. These encouraging
preliminary results induced us to study if the addition of RT to CA would result in improved
clinical efficacy. To our knowledge, no existing empirical study has addressed the question of
whether percutaneous CT-based CA followed by RT achieves better pain control and improved
self-rated QoL than CA or RT delivered as individual treatments in the management of osteoly-
tic and/or mixed painful bone lesions. It is well-known that the localization of the bony metas-
tases may affect the way subjects perceived their symptoms. This is an important
methodological point since an heterogeneity the localization of the bony metastases may con-
figure as a study bias. This bias was overcome by using propensity analysis and a balance
among groups for this variable was achieved. Cryotherapy is a well-known ablative technique
which, thanks to new miniaturized argon-gas devices, creates an “ice-ball” deep in bone, with
less peri- and post-procedural pain. Callstrom and co-workers described the results of clinical
trials in which percutaneous CA was used for the palliation of painful metastatic lesion [26–
27]. Interestingly, they found that CA was an effective and safe way for palliation of pain
related to metastatic lesions. Although authors did not specifically investigate this issue, they
found that 62% of studied subjects received RT course prior to CA [27]. In these subjects no
improvement in pain response with respect to subjects who did not perform RT was found
[27]. In contrast, we found that when RT was delivered after CA, it favorably impacted on pain
control in subjects with painful bone lesions. The main methodological difference with Call-
strom’s study is that in ours, the radiation course was added sequentially to CA. The temporal
sequence of two treatments was based on the hypothesis that RT may improve CA efficacy.
Table 3. Post-treatment narcotic analgesic use andmorphine equivalent dose at 12 weeks.
Narcotic medications RT (N = 125) CA(N = 25) CA-RT
(N = 25)
Pairwise Comparisonsp value
None (No,%)Required (No,
%)
17 (13.6)108
(86.4)
9 (36)16 (64) 19 (76)6 (24) °CA vs RT p = 0.016°CA vs CA-RT p = 0.010°CA-RT vs RT
p<0.0001
Morphine equivalent dose
(mg)
°*70 (60 to 80) °*50 (2.9 to
60)
°*20 (2.2 to
50)
°°CA vs RT p = 0.008 °°CA vs CA-RT p = 0.71°°CA-RT vs RT
p = 0.004
°Chi Square test; RT = radiotherapy; CA-RT = Cryoablation-Radiotherapy
°°Kruskal Wallis test with post hoc pairwise comparison of subgroups performed according to Conover
°* median and CI95%.
doi:10.1371/journal.pone.0129021.t003
Table 4. Post cryoablation complications.
Number of Patients
with complication
Tumor
location
Complications Clinical outcome and treatment
5/50 (10%) Sacrum Injury to encased sacral
plexus
Gluteal, perineal, and thigh numbness resolved by corticosteroid treatment
approximately 3 weeks after cryoablation
2/50 (4%) Vertebrae Transient injury to adjacent
peripheral nerve
Resolved by corticosteroid treatment approximately 2 weeks after cryoablation
2/50 (4%) Pelvis Injury to encased sacral
plexus
Gluteal, perineal, and thigh numbness resolved by corticosteroid treatment
approximately 3 weeks after cryoablationInfection at the access site managed
by percutaneous drainage and antibiotic treatment
1/50 (2%) Humerus Humerus fracture Resolved by conservative approach
doi:10.1371/journal.pone.0129021.t004
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Recent studies have reported achieving a synergistically increased rates of survival and tumor
local control in both animal models and in patients with stage I lung cancer, when RFA was fol-
lowed by RT [28–34]. We know that RT efficacy is largely dependent on tissue oxygenation,
whereas this biological parameter does not influence CA efficacy. Bone lesions have a hypoxic
microenvironment in their inner cores and CA, whose effectiveness is largely independent of
tumor oxygen content, may effectively kill hypoxic centrally located tumor cells. In contrast,
the outer ring contains fewer hypoxic tumor cells on which RT can effectively exert its cyto-
toxic effect. Additionally, it is possible that perturbation of the tumor microenvironment after
ablation may improve the efficacy of subsequent RT on the malignant tissue [35]. However, the
exact mechanisms through which CA followed by RT may relieve symptomatic pain remains
largely unknown.
The pain experienced by subjects suffering from bone metastases may have several patho-
physiologal mechanisms, including: (i) microfractures by direct metastatic bone invasion; (ii)
periosteum distortion due to increased pressure on the endosteum; (iii) nerve-root compres-
sion or muscle spasm; and (iv) release of chemical mediators involved in the conduction of
nociceptive impulses to the central nervous system [2,3]. The decrease of cancerous cell burden
within bone tissue associated with a lowering of endosteum pressures and modification of the
release of pain-related chemical mediators related with the combinational treatment may sub-
stantially influence the perception of pain intensity.
The improvement of CR rate we found, in terms of pain control, showed that 11.2% of sub-
jects treated by RT achieved a CR. The rate of CR was significantly improved with respect to
RT in subjects treated by CA (32%) and interestingly, when RT was sequentially added to CA,
the percentage of patients achieving a CR was 72%. These data paralleled the improvement of
self-rated QoL observed in subjects treated by CA and CA followed by RT with respect to sub-
jects treated by RT alone. When RT was sequentially added to CA the subjects experienced
improved QoL, although the difference did not reach statistical significance.
In terms of medical adjunctive treatment, all subjects took narcotic medications before
treatments. At 12 weeks post treatment, 13.6% of patients in the RT group, 36% in the CA
group, and 76% in the CA-RT group did not require narcotic medications and the 24-hour
median morphine-equivalent dose significantly decreased with respect to baseline, with the
major decrease found after CA or CA followed by RT. Finally, although the rate of complica-
tions we reported seems to be higher than that reported by Calstrom [20], the combinational
treatment was well tolerated since 84% of patients were ablated without complications. The
recorded complications were all transient and none of treaded subject presented irreversible
injures at 12 weeks after treatments.
Several limitations affect our study. The main ones are the sample size and the use of a non-
randomized study design. To date, large randomized controlled trials (RCT) have provided the
strongest evidence for the efficacy of therapeutic procedures or treatments in the clinical set-
ting. However, this bias has been mitigated by the use of a strategy based on propensity score
analysis, which helped us to obtain groups of patients randomized post-hoc for important clin-
ical characteristics. Thus, comparative analysis by propensity-matched pairs contributed to the
results being less prone to methodological biases than other usual statistical methods. Finally,
the positive results obtained in terms of both QoL and pain control may be partially imputable
to the adjunctive oncological medical treatments that the subjects included in this study per-
formed concomitantly with RT, CA and CA+RT. If these medical treatments have contributed
to the effects measured in this study is unclear. In this regard, a strategy of assessment based on
the measurement of outcome measures before the start of adjunctive oncological medical treat-
ments may not ensure that the pain or the QoL perceived at that moment may be similar to
that experienced when RT, CA or CA+RT was then effectively delivered. This situation is
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imputable to the fact that these medical treatments may go on for several weeks and during
this time period the symptoms may profoundly change. However, we believe of having mini-
mized this issue by adopting the propensity score analysis. In this regard the percentage of sub-
jects using oncological systemic adjuvant treatments did not significantly differ across the
groups making the confounding effect of this variable on outcome measure balanced in the
groups. So, if we reasonably assume that at the time of local treatment with RT, CA or CA+RT
the rate and the type of oncological medical treatments were comparable across the groups any
improvement measured in pain or QoL was imputable to the aforementioned local treatments.
Different may be the question concerning the fact if one or more of these oncological medical
treatments may have potentiated the effects of RT, CA or CA+RT. It is very difficult to answer
to this question since we cannot be sure which treatment is responsible for the enhancement of
local treatments effects. All these reasons make our conclusions not equally generalizable to the
population of patients suffering from solitary painful bone metastases who are both treated or
not treated with multimodal oncological medical treatments. It is our opinion that the results
here described are better suitable for the larger population of patients who is actively treated
with multimodal oncological medical treatments.
Despite these methodological limitations our data seem to suggest, for the first time, that
the addition of sequential RT to CA favorably impacts on the pain of painful bone metastases.
However our results have to be interpreted with caution and to serve as a framework around
which to design future large-scale RCT.
Author Contributions
Conceived and designed the experiments: MDS GLG LZ PB LG PF FM FV RM VT EDC CM.
Performed the experiments: MDS GLG LZ PB LG PF FM FV RM VT EDC CM. Analyzed the
data: MDS GLG LZ PB LG PF FM FV RM VT EDC CM. Contributed reagents/materials/anal-
ysis tools: CM EDC VT GLG. Wrote the paper: MDS GLG LZ PB LG PF FM FV RM VT EDC
CM.
References
1. Suva LJ, WashamC, Nicholas RW, Griffin RJ. 2011 Bone metastasis: mechanisms and therapeutic
opportunities. Nat Rev Endocrinol 7(4):208–18. doi: 10.1038/nrendo.2010.227 PMID: 21200394
2. Roodman GD. 2004 Mechanisms of bone metastasis. N Engl J Med 350:1655–1664. PMID: 15084698
3. Suva LJ, Griffin RJ, Makhoul I. 2009 Mechanisms of bone metastases of breast cancer. EndocrRelat
Cancer 16:703–713.
4. Coleman RE. 2006 Clinical features of metastatic bone disease and risk of skeletal morbidity. Clin Can-
cer Res 12:6243S–6249S. PMID: 17062708
5. Coleman RE. 2001 Metastatic bone disease: clinical features, pathophysiology and treatment strate-
gies. Cancer Treat Rev 27(3):165–176. PMID: 11417967
6. Harvey HA, Cream LR. 2007 Biology of bone metastases: causes and consequences. Clin Breast Can-
cer 7(suppl 1):S7–S1 PMID: 17683652
7. Smith HS. 2011 Painful osseous metastases. Pain Physician 14(4):E373–403. PMID: 21785487
8. Tharmalingam S, Chow E, Harris K, Hird A, Sinclair E. 2008 Quality of life measurement in bone metas-
tases: A literature review. J Pain Res 1:49–58. PMID: 21197288
9. Yu HH, Tsai YY, Hoffe SE. 2012 Overview of diagnosis and management of metastatic disease to
bone. Cancer Control 19(2):84–91. PMID: 22487970
10. Lutz S, Berk L, Chang E, Chow E, Hahn C, Hoskin P. 2011 American Society for Radiation Oncology
(ASTRO). Palliative radiotherapy for bone metastases: an ASTRO evidence-based guideline. Int J
RadiatOncolBiolPhys 79(4):965–76.
11. Andrade RS, Proctor JW, Slack R, Marlowe U, Ashby KR, Schenken LL. 2010 A simple and effective
daily pain management method for patients receiving radiation therapy for painful bone metastases. Int
J RadiatOncolBiolPhys 78(3):855–9.
Cryotherapy and RT in Bone Metastases
PLOS ONE | DOI:10.1371/journal.pone.0129021 June 23, 2015 9 / 11
12. Widmann G, Bodner G, Bale R. 2009 Tumour ablation: technical aspects. Cancer Imaging 9:63–67.
doi: 10.1102/1470-7330.2009.0011 PMID: 19933019
13. Goetz MP, CallstromMR, Charboneau JW, Farrell MA, Maus TP, Welch TJ. et al. 2004 Percutaneous
image-guided radiofrequency ablation of painful metastases involving bone: a multicenter study. J Clin-
Oncol 22(2):300–6.
14. Silverman SG, Tuncali K, Adams DF, van Sonnenberg E, Zou KH, Kacher DF, et al. 2000 MR imaging-
guided percutaneous cryotherapy of liver tumors: initial experience. Radiology 217:657–64. PMID:
11110925
15. CallstromMR, Charboneau JW, Goetz MP, Rubin J, Wong GY, Sloan JA, et al. 2002 Painful metasta-
ses involving bone: feasibility of percutaneous CT and US guided radiofrequency ablation. Radiology
224:87–97. PMID: 12091666
16. Dupuy DE, Liu D, Hartfeil D, Hanna L, Blume JD, Ahrar K et al. 2010 Percutaneous radiofrequency
ablation of painful osseous metastases: a multicenter American College of Radiology Imaging Network
trial. Cancer 116:989–997. doi: 10.1002/cncr.24837 PMID: 20041484
17. Rosenthal D, CallstromMR. 2012 Critical review and state of the art in interventional oncology: benign
and metastatic disease involving bone. Radiology 262(3):765–80. doi: 10.1148/radiol.11101384
PMID: 22357881
18. Grieco CA, Simon CJ, Mayo-Smith WW, Dipetrillo TA, Ready NE, Dupuy DE. 2007 Image-guided per-
cutaneous thermal ablation for the palliative treatment of chest wall masses.Am J ClinOncol. 30
(4):361–7.
19. Di Staso M, Zugaro L, Gravina GL, Bonfili P, Marampon F, Di Nicola L, et al. 2011 A feasibility study of
percutaneous Radiofrequency Ablation followed by Radiotherapy in the management of painful osteo-
lytic bone metastases. EurRadiol 21(9):2004–10.
20. Di Staso M, Zugaro L, Gravina GL, Bonfili P, Marampon F, Di Nicola L, et al. 2011 Can radiotherapy be
combined with radiofrequency ablation in the management of symptomatic osteolytic skeletal metasta-
sis? ClinOncol (R CollRadiol) 23(1):65–6.
21. Cohen SR, Mount BM, Strobel MG, Bui F. 1995 The McGill Quality of Life Questionnaire: a measure of
quality of life appropriate for people with advanced disease. A preliminary study of validity and accept-
ability.Palliat Med 9, 207–219. PMID: 7582177
22. Chow E, Wu JS, Hoskin P, Coia LR, Bentzen SM, Blitzer PH. 2002 International consensus on pallia-
tive radiotherapy endpoints for future clinical trials in bone metastases. RadiotherOncol 64:275–280.
23. Chow E, Hoskin P, Mitera G, Zeng L, Lutz S, Roos D, et al. 2012 Update of the international consensus
on palliative radiotherapy endpoints for future clinical trials in bone metastases. Int J Radiation Oncol-
ogy BiolPys 82:1730–1737.
24. Lutz S, Hoskin P, Chow E. 2009 Update on palliative radiotherapy endpoints for bone metastases trials.
ClinOncol 21:659–661.
25. Howell DD, James JL, Hartsell WF, SuntharalingamM, Machtay M, Suh JH, et al. 2013 Single-fraction
radiotherapy versus multifraction radiotherapy for palliation of painful vertebral bone metastases-equiv-
alent efficacy, less toxicity, more convenient: a subset analysis of Radiation Therapy Oncology Group
trial 97–14. Cancer 119(4):888–96. doi: 10.1002/cncr.27616 PMID: 23165743
26. CallstromMR, Dupuy DE, Solomon SB, Beres RA, Littrup PJ, Davis KW, et al. 2013 Percutaneous
image-guided cryoablation of painful metastases involving bone: multicenter trial. Cancer 119
(5):1033–41. doi: 10.1002/cncr.27793 PMID: 23065947
27. CallstromMR, Atwell TD, Charboneau JW, Farrell MA, Goetz MP, Rubin J, et al. 2006 Painful metasta-
ses involving bone: percutaneous image-guided cryoablation—prospective trial interim analysis. Radi-
ology 241(2):572–80. PMID: 17057075
28. Horkan C, Dalal K, Coderre JA, Kiger JL, Dupuy DE, Signoretti S, et al. 2005 Reduced tumor growth
with combined radiofrequency ablation and radiation therapy in a rat breast tumor model. Radiology.
235:81–88. PMID: 15731375
29. Dupuy DE, DiPetrillo T, Gandhi S, Ready N, Ng T, Donat W, et al. 2006 Radiofrequency ablation fol-
lowed by conventional radiotherapy for medically inoperable stage I non-small cell lung cancer. Chest.
129:738–745. PMID: 16537876
30. Dupuy DE. 2013 Treatment of medically inoperable non-small-cell lung cancer with stereotactic body
radiation therapy versus image-guided tumor ablation: can interventional radiology compete? J VascIn-
tervRadiol. 24(8):1139–45.
31. Chan MD, Dupuy DE, Mayo-Smith WW, Ng T, DiPetrillo TA. 2011 Combined radiofrequencyablation
and high-dose rate brachytherapy for early-stage non-small-cell lung cancer. Brachytherapy. 10
(3):253–9. doi: 10.1016/j.brachy.2010.07.002 PMID: 20739227
Cryotherapy and RT in Bone Metastases
PLOS ONE | DOI:10.1371/journal.pone.0129021 June 23, 2015 10 / 11
32. Timmerman RD, Bizekis CS, Pass HI, Fong Y, Dupuy DE, Dawson LA, et al. 2009 Local surgical, abla-
tive, and radiation treatment of metastases. CA Cancer J Clin. 59(3):145–70. doi: 10.3322/caac.20013
PMID: 19364702
33. Grieco CA, Simon CJ, Mayo-Smith WW, DiPetrillo TA, Ready NE, Dupuy DE. 2006 Percutaneous
image-guided thermal ablation and radiation therapy: outcomes of combined treatment for 41 patients
with inoperable stage I/II non-small-cell lung cancer. J VascIntervRadiol. 17(7):1117–24.
34. Horkan C, Dalal K, Coderre JA, Kiger JL, Dupuy DE, Signoretti S, et al. 2005 Reduced tumor growth
with combined radiofrequency ablation and radiation therapy in a rat breast tumor model.Radiology.
235(1):81–8. PMID: 15731375
35. Di Petrillo TA, Dupuy DE. 2003 Radiofrequency ablation and radiotherapy: complimenting treatments
for solid tumors. SeminInterventRadiol. 20:341–345.
Cryotherapy and RT in Bone Metastases
PLOS ONE | DOI:10.1371/journal.pone.0129021 June 23, 2015 11 / 11
